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Electronic properties of layered multicomponent wide-bandgap oxides:
a combinatorial approach
Altynbek Murat and Julia E. Medvedeva∗
Department of Physics, Missouri University of Science & Technology, Rolla, MO 65409, USA
The structural, electronic, and optical properties of twelve multicomponent oxides with layered
structure, RAMO4, where R
3+=In or Sc; A3+=Al or Ga; and M2+=Ca, Cd, Mg, or Zn, are investi-
gated using first-principles density functional approach. The compositional complexity of RAMO4
leads to a wide range of band gap values varying from 2.45 eV for InGaCdO4 to 6.29 eV for
ScAlMgO4. Strikingly, despite the different band gaps in the oxide constituents, namely, 2-4 eV in
CdO, In2O3, or ZnO; 5-6 for Ga2O3 or Sc2O3; and 7-9 eV in CaO, MgO, or Al2O3, the bottom of
the conduction band in the multicomponent oxides is formed from the s-states of all cations and
their neighboring oxygen p-states. We show that the hybrid nature of the conduction band in multi-
component oxides originates from the unusual five-fold atomic coordination of A3+ and M2+ cations
which enables the interaction between the spatially-spread s-orbitals of adjacent cations via shared
oxygen atoms. The effect of the local atomic coordination on the band gap, the electron effective
mass, the orbital composition of the conduction band, and the expected (an)isotropic character of
the electron transport in layered RAMO4 is thoroughly discussed.
I. Introduction
Transparent conducting oxides (TCOs) are unique ma-
terials that exhibit both low optical absorption in the
visible region and nearly metallic electrical conductivity.
Serving as a contact and a window layer simultaneously,
TCOs are a vital part of many optoelectronic devices in-
cluding solar cells, smart windows and flat panel displays,
and they also find application as heating, antistatic and
optical coatings, for select reviews see Refs. [1–7].
Multicomponent TCOs – complex oxides which con-
tain a combination of post-transition metals, In, Zn, Ga,
Cd or Sn, as well as light main-group metals such as Al or
Mg – have attracted wide attention due to a possibility
to manipulate the optical, electronic, and thermal prop-
erties via the chemical composition and, thus, to signif-
icantly broaden the application range of TCO materials
[1, 3, 6–15]. To optimize the properties of a multicompo-
nent TCOs, it is critical to understand the role played by
each constituent oxide. For example, presence of lighter
metals such as Ga, Al or Mg in multicomponent TCOs
is attractive for achieving a broader optical transmission
window associated with a wider band gap. At the same
time, however, these cations are know to be detrimental
for the electrical properties as they are believed to sig-
nificantly suppress carrier concentration and transport.
Recent electronic band structure investigations of sev-
eral main group metal oxides [16] reveal that the elec-
tronic configuration of the cations plays crucial role in the
charge transport. It was shown that lighter metal cations
(Ga, Ca, Al or Mg) have their empty p- or d-states near
the conduction band bottom. The resulting strong (di-
rectional) hybridization of these anisotropic states with
the p-states of the neighbor oxygen atoms result in sig-
nificant charge localization (trapping) when extra elec-
trons are introduced. This is in marked contrast to the
conventional TCOs, In2O3, ZnO, SnO2, or CdO, where
the cation’s p-states are deep in the conduction band (at
about a few eV above the conduction band minimum
[16]), and an extra charge is efficiently transported via a
uniform network of the spatially-spread and spherically-
symmetric metal s orbitals connected by the oxygen p
states.
In a multicomponent oxide containing the cations from
both groups – i.e., post-transition metals and light main-
group metals – the respective energy locations of the
cations’ states may not be the same as in single-oxide con-
stituents due to the interaction between different cations
via a shared oxygen neighbor. Indeed, it was found [17]
that the bottom of the conduction band in InGaZnO4 is
governed by the states of all cations despite the fact that
the band gaps in the corresponding basis oxides differ
significantly (2.9 eV for In2O3, 3.4 eV for ZnO, and 4.9
eV for Ga2O3). Moreover, the electronic properties in
a multicomponent oxide may significantly deviate from
that expected from the electronic band structures of the
single-cation (basis) oxides. This stems from the differ-
ences in the interatomic distances and the atomic coor-
dination numbers in the complex oxide as compared to
those in the bulk ground-state (lowest energy) structures
of the constituent oxides.
In this work, we systematically investigate the struc-
tural, electronic and optical properties of twelve RAMO4
compounds with R3+=In or Sc; A3+=Al or Ga; and
M2+=Ca, Cd, Mg, or Zn. These materials possess the
same layered crystal structure as the member of the
homologous series InGaO3(ZnO)m [18, 19] with m=1,
where the chemically and structurally distinct layers –
the octahedrally coordinated RO1.5 layer and wurtzite-
like AMO2.5 double-layer – alternate along the crystal-
lographic z direction. By comparing the calculated elec-
tronic properties of the set of multicomponent oxides,
we determine how the composition affects (i) the na-
ture of the conduction band bottom; (ii) the electron
2effective masses in the ab plane (within the layers) and
along the z direction (across the layers); and (iii) the
location of the cation(s) p-states with respect to the con-
duction band minimum. For accurate determination of
the electronic band structure of multicomponent oxides,
we employ self-consistent screened-exchange LDA (sX-
LDA) method which models the exchange-correlation
hole within a nonlocal density scheme [20].
The paper is organized as follows. First, details of
the computational methods and approaches are given
in Sec. II. In Sec. III, we discuss the structural pecu-
liarities of the investigated multicomponent compounds
and compare them to the structural properties of the
basis single-cation oxides. Specifically, we compare the
cation-anion distances and the atomic coordination num-
bers in multicomponent and single-cation oxides in vari-
ous structures. Further, the electronic properties of the
basis, single-cation oxides are discussed in Sec. IV. We
demonstrate how the electronic properties of the oxides,
e.g., band gaps and the electron effective masses, vary
upon changes in the interatomic distances and/or oxy-
gen coordination by considering both the ground state
and hypothetical structures of oxides. In Sec. V, the
general electronic properties of multicomponent oxides
are discussed first. Further, we thoroughly analyze the
following: (A) how the atomic coordination affects the
band gap formation in complex oxides; (B) what is the
effect of chemical composition on (an)isotropy of conduc-
tion states in RAMO4; (C) what is the orbital composi-
tion of the conduction band in RAMO4 and the role he
peculiar atomic coordination played in the respective en-
ergy location of cation’s empty s, p, and d orbitals in the
conduction band; and (D) the electron effective masses
within and accross the structural layers of different com-
position in RAMO4. We give conclusions in Sec. VI.
II. Methods and Approximations
First-principles full-potential linearized augmented
plane wave method (FLAPW) [21, 22] within the lo-
cal density approximation is employed for the electronic
band structure investigations of twelve RAMO4 com-
pounds, R3+=In or Sc, A3+=Al, Ga, M2+=Ca, Cd,
Mg, and/or Zn, [23] as well as their single-cation con-
stituents, MgO, CaO, ZnO, CdO, Sc2O3, In2O3, Al2O3,
and Ga2O3. Cutoffs for the basis functions, 16.0 Ry,
and the potential representation, 81.0 Ry, and expan-
sion in terms of spherical harmonics with ℓ ≤ 8 inside
the muffin-tin spheres were used. The muffin-tin radii of
multi-cation and single-cation oxides are as follows: 2.3
to 2.6 a.u. for In, Sc, Cd, and Ca; 1.7 to 2.1 a.u. for Ga,
Mg, Zn, and Al; and 1.6 to 1.8 a.u. for O atoms. Sum-
mations over the Brillouin zone were carried out using at
least 23 special k points in the irreducible wedge.
Because the local density approximation (LDA) un-
derestimates the oxide band gaps and may give incorrect
energy location of the states of different cations in the
conduction band of multicomponent materials, we also
employed the self-consistent screened-exchange LDA (sX-
LDA) method [20, 24–27] for more accurate description
of the band gap values and the valence/conduction band
states. For the sX-LDA calculations, cutoff for the plane
wave basis was 10.2 Ry and summations over the Bril-
louin zone were carried out using at least 14 special k
points in the irreducible wedge. Ga and Zn 3d10 states,
which were treated as valence, were excluded from screen-
ing.
III. Crystal Structure
The investigated multicomponent oxides have rhom-
bohedral R3¯m layered crystal structure of YbFe2O4 type
and belong to the homologous series RAO3(MO)m with
m=1 [18, 19, 28]. In these compounds, R3+ ions (In or
Sc) have octahedral coordination with the oxygen atoms
and reside in 3(a) position (Yb), whereas both A3+ (Al or
Ga) and M2+ (Ca, Mg, Zn or Cd) ions reside in 6(c) po-
sition (Fe) and are distributed randomly [29]. To model
a random distribution, specifically, to avoid planes or
chains of the same type of atoms, a 49-atom supercell
was constructed with the lattice vectors (302¯), (1¯12) and
(021¯), given in the units of the rhombohedral primitive
cell vectors [30]. Note, that the conventional rhombohe-
dral unit cell of YbFe2O4 contains 21 atoms (Z=3), and
the primitive, i.e., the smallest volume, cell contains 7
atoms (Z=1).
Because of the different ionic radii and the valence
state of the cations in RAMO4 compounds, the A
3+ and
M2+ atoms have different z component of the internal
site position 6(c). Since the exact internal positions of
atoms are not known, we used those of the YbFe2O4[18]
as the starting values, and then optimized the internal
positions of all atoms in the supercell via minimization
of the total energy and the atomic forces. During the
optimization the lattice parameters were fixed at the ex-
perimental values[18, 19, 23, 28] except for InAlCaO4,
InGaCaO4, and InGaCdO4 where a and c were optimized
since the experimental values are unavailable. Our opti-
mized structural parameters for the latter compounds as
well as the optimized z values for every structure under
consideration are given in Table I.
Next, we compare the local atomic structure in multi-
component oxides to that of the constituent basis oxides.
First, the following ground state (lowest energy) struc-
tures of single-cation oxides were considered: Fm3¯m
(rocksalt) for MgO, CaO, and CdO; Ia3¯ (bixbyite)
for Sc2O3 and In2O3; P63mc (wurtzite) for ZnO; R3¯c
(corundum) for Al2O3; and C2/m (monoclinic) for β-
Ga2O3. For these structures, the lattice parameters were
kept at the experimental values. The internal atomic
3TABLE I: Lattice constants a and c, in A˚; the range for the fractional z coordinates of A3+=Al or Ga, and M2+=Zn, Cd,
Ca, or Mg atoms at the 6(c) positions of rhombohedral YbFe2O4 structure; and the average optimized cation-anion distances
〈DR−O〉, the average planar 〈D
ab
A/M−O〉, nearest apical D
c
A/M−O, and next nearest apical distances D
c
A/M−O∗ in A˚, for twelve
multicomponent oxides. When available, the experimental lattice constants were used (from Refs. a, b, c and d given below),
otherwise, the lattice parameters were obtained via the geometry optimization. The experimental data for the prototype
structure YbFe2O4 is given for comparison.
RAMO4 a c zA zM 〈DR−O〉 〈D
ab
A−O〉 D
c
A−O D
c
A−O∗ 〈D
ab
M−O〉 D
c
M−O D
c
M−O∗
InAlCaO4 3.34 27.25 0.228-0.230 0.215-0.216 2.20 1.77 1.78 2.17 2.20 2.20 2.60
InAlCdO4 3.32
a 27.50a 0.215-0.230 0.216-0.218 2.20 1.78 1.79 2.05 2.17 2.20 2.63
InAlMgO4 3.29
a 25.66a 0.210-0.218 0.214-0.216 2.20 1.83 1.84 2.30 2.02 1.98 2.26
InAlZnO4 3.31
b 26.33b 0.211-0.221 0.216-0.217 2.21 1.84 1.84 2.14 2.05 2.00 2.38
InGaCaO4 3.39 27.31 0.211-0.227 0.216-0.217 2.22 1.85 1.86 2.14 2.17 2.21 2.52
InGaCdO4 3.38 27.16 0.215-0.226 0.217-0.219 2.21 1.86 1.89 2.31 2.15 2.17 2.61
InGaMgO4 3.30
c 25.81c 0.211-0.218 0.215-0.216 2.19 1.88 1.91 2.35 1.98 1.98 2.26
InGaZnO4 3.29
c 26.07c 0.213-0.217 0.217-0.218 2.21 1.88 1.92 2.35 1.98 1.97 2.38
ScAlMgO4 3.24
a 25.15a 0.211-0.220 0.216-0.217 2.15 1.81 1.80 2.28 1.98 1.98 2.32
ScAlZnO4 3.24
b 25.54b 0.213-0.221 0.217-0.219 2.13 1.82 1.82 2.17 1.99 1.98 2.38
ScGaMgO4 3.27
a 25.62a 0.212-0.220 0.217-0.218 2.14 1.87 1.89 2.32 1.96 1.99 2.33
ScGaZnO4 3.26
c 25.91c 0.214-0.220 0.218-0.220 2.13 1.87 1.90 2.35 1.96 1.98 2.29
YbFe2O4 3.45
d 25.05d 0.215 0.215 2.24 2.01 1.94 2.15
aexperimantal values from Ref. [23]
bexperimantal values from Ref. [19]
cexperimantal values from Ref. [18]
dexperimantal values from Ref. [28]
TABLE II: The cation-anion distances average, 〈D〉, and their
ranges, in A˚ in single-cation oxides as compared to the cor-
responding average cation-anion distances and ranges in mul-
ticomponent oxides. Also, the deviation in the ranges of dis-
tances in multicomponent oxides with respect to the distances
in the corresponding single-cation oxide, in percent.
Basis oxide RAMO4
〈D〉 Range 〈D〉 Range Deviation, %
R2O3 In-O 2.17 2.12-2.21 2.21 2.13-2.37 —/+7
Sc-O 2.11 2.08-2.16 2.14 2.05-2.22 –1/+3
A2O3 Al-O 1.91 1.86-1.97 1.85 1.71-2.30 –8/+17
Ga-O 1.93 1.83-2.07 1.93 1.79-2.35 –2/+14
MO Zn-O 1.98 1.97-1.99 2.02 1.92-2.38 –3/+20
Mg-O 2.08 2.08 2.04 1.92-2.33 –8/+12
Ca-O 2.37 2.37 2.25 2.10-2.59 –11/+9
Cd-O 2.35 2.35 2.38 2.09-2.63 –11/+12
positions for Sc2O3, In2O3, Al2O3, and Ga2O3 were op-
timized via the total energy and atomic forces minimiza-
tion. Additional phases for oxides of A and M metals
were also calculated as explained in details below.
Our results show that the optimized cation-anion dis-
tances in multicomponent oxides correlate with the ionic
radii of the cations, c.f., Tables I and II. For the octahe-
drally coordinated R3+ ions, i.e., In or Sc, the R-O dis-
tances in multicomponent oxides are close to those in the
corresponding single-cation oxides, c.f., 〈DR−O〉 in Table
I and 〈D〉 in Table II. The averaged In-O or Sc-O dis-
tance in RAMO4 is only 0.03-0.04 A˚ larger than that in
In2O3 or Sc2O3. The largest deviations for one of the six
In-O distances in the InO6 octahedra (5-7%) are found
for Ca and Cd-containing compounds (i.e., InGaMO4 and
InAlMO4 with M=Ca or Cd). These compounds repre-
sent the case of a large mismatch of the ionic radii of the
A and M ions, which affects the In-O distances in the
neighboring InO1.5 layer. In other compounds, the In-O
distances differ by only 1-2% as compared to those in the
bulk In2O3.
The most important observation concerning the crys-
tal structure in RAMO4 compounds is that all A and
M atoms are in five-fold coordination (bipyramid) with
oxygen atoms, Fig. 1, and not in four-fold (tetrahedral)
as it was previously assumed for decades. As one can
see from Table I, the A-O or M-O distance to the fifth
atom (also called the second apical atom hereafter), de-
noted as 〈DcA/M−O∗〉, is only ∼0.3-0.5 A˚ longer than the
distance to the nearest apical oxygen atom, denoted as
〈DcA/M−O〉. For comparison, in wurtzite ZnO, the Zn-O
distance to the next nearest oxygen atom (second apical
O) is 3.22 A˚ which is 1.23 A˚ longer than the Zn-O dis-
4AMO2.5
RO1.5
FIG. 1: Oxygen coordination of R=In or Sc (octahedra) and
A=Al or Ga, and M=Zn, Cd, Ca, or Mg (bipyramid) in the
single block of the unit cell of RAMO4 compounds. The con-
ventional unit cell of RAMO4 consists of three similar blocks
stacked along the c direction.
tance to the nearest apical oxygen atom which belongs
to the ZnO4 tetrahedra, Fig. 2(a).
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FIG. 2: Four-fold vs five-fold coordination of Zn with oxygen
atoms in wurtzite ZnO (a) vs InGaZnO4 (b). The cation-
anion apical and planar distances are shown (in A˚). The cor-
responding charge densities are shown in Fig. 3.
The fact that Zn has five-fold oxygen coordination in
RAZnO4 is illustrated in Fig. 3 where we compare the
calculated charge density distribution for InGaZnO4 and
wurtzite ZnO plotted in the (011) plane to include O-Zn-
O bonds along the [0001] direction for both compounds.
The strong bonding between Zn (as well as Ga) atom and
the second apical oxygen atom in the multicomponent
oxide is clearly seen from the charge density plot, Fig.
3(b). In contrast, there is no overlap between Zn atom
and its second apical oxygen atom in wurtzite ZnO, Fig.
3(a). Thus, Zn atoms form five bonds with neighboring
oxygen atoms in InGaZnO4, whereas Zn has four bonds
in the basis ZnO.
Similar to Zn, all other M2+ and all A3+ cations in
FIG. 3: Calculated total charge density distribution contour
plots for wurtzite ZnO (left) and InGaZnO4 (right). Zn as well
as Ga have strong bonds with both apical oxygen atoms mak-
ing them five-fold coordinated cations in the multicomponent
oxide – in marked contrast to wurtzite ZnO with four-fold
oxygen coordination.
TABLE III: Structural parameters for wurtzite-based hypo-
thetical structures of M2+O2− where metal-oxygen distances
correspond to the average distances obtained for RAMO4, Ta-
ble I. Lattice constants a and c, internal paramater u in A˚, as
well as planar DabM−O, nearest apical D
c
M−O, and next nearest
apical distances DcM−O∗ in A˚. To compare, in ground state
wurtzite ZnO, a=3.25 A˚, c=5.21 A˚, u=0.3817: DabZn−O=1.97
A˚; DcZn−O=1.99 A˚; D
c
Zn−O∗=3.22 A˚.
a c u DabM−O D
c
M−O D
c
M−O∗
ZnO 3.44 4.34 0.4570 2.00 1.98 2.36
MgO 3.43 4.28 0.4639 1.98 1.98 2.29
CaO 3.77 4.76 0.4625 2.19 2.20 2.56
CdO 3.73 4.81 0.4557 2.16 2.19 2.62
RAMO4 compounds are five-fold coordinated with oxy-
gen atoms. Strikingly, none of the A or M atoms pos-
sess five-fold coordination in the basis, single-cation ox-
ides. The Ca, Cd, or Mg metals form rocksalt structure
(Fm3¯m) with octahedral oxygen coordination, whereas
Al or Ga ions are in either four-fold or six-fold coordina-
tions in corundum (R3¯c) or monoclinic (C2/m) phases,
respectively. (Other known phases of Al2O3, i.e., θ- and
κ-Al2O3 with C2/m and Pna21 structures, respectively,
also have four- and six-coordinated Al ions; α-Ga2O3 has
corundum structure, space group R3¯c, with six-fold oxy-
gen coordination of Ga.)
The unusual five-fold coordination of A and M ions sta-
bilized in RAMO4 compounds is expected to manifest it-
self in the electronic properties of the complex oxides that
differ from those for the basis oxides. Specifically, be-
cause the main features of the electronic band structure
5TABLE IV: Structural parameters for hypothetical phases of Al2O3 and Ga2O3 in Al2S3-type (space group P61). The Ga-O
and Al-O distances correspond to the average distances obtained in RAMO4. Lattice constants a and c in A˚, positions for O(1)
and O(2) in A˚, and planar DabA−O, nearest apical D
c
A−O, and next nearest apical distances D
c
A−O∗ in A˚ for different sites. The
internal atomic positions in Al2S3 are x=0.3417, y=0.3387 for O(1); and y=0.3501 for O(2).
a c O(1) O(2) DabA−O D
c
A−O D
c
A−O∗
Al2O3 5.30 12.59 x y 0.358 0.0239 y 0.2 Al(1) 1.78 1.81 1.82 1.79 2.30
Al(2) 1.79 1.85 1.89 1.83 2.31
Ga2O3 5.38 12.85 x y 0.363 0.0239 y 0.2 Ga(1) 1.80 1.83 1.85 1.89 2.35
Ga(2) 1.82 1.88 1.92 1.87 2.38
of oxides, such as the band gap value and the electron ef-
fective mass, are determined by the strong metal-oxygen
interactions, direct comparison between the (averaged)
values obtained for multicomponent oxides with those in
the basis oxides in the ground state structures is invalid.
We stress here that the five-fold coordination of A and
M atoms with the neighbor O atoms in the RAMO4 com-
pounds does not fall out of the fundamental principles
governing the structure formation of multicomponent ox-
ide systems. As shown in the extensive works of Walsh et
al. [15] (and references therein), the coordination envi-
ronment is determined by satisfying the electronic octet
rule for local charge neutrality as well as the material sto-
ichiometry. The octahedral structure in the RO1.5 layer
which maximizes the atomic separation between the neg-
atively charged O atoms, serves as a disruptive stack-
ing fault to the wurtzite-like AMO2.5 layer. At the same
time, the A atoms, such as Al or Ga, do not have a strong
preference for octahedral sites [15]. Hence, while trying
to accommodate the A and M atoms and obey the elec-
tronic octet rule, changes must occur in the AMO2.5 layer
leading to the formation of five-fold trigonal bipyramid
structures [15].
To determine how the local atomic coordination affects
the electronic properties of oxides, we performed calcu-
lations for the hypothetical phases with five-fold oxygen
coordination of A and M cations. Moreover, we set the
lattice parameters as well as the internal atomic positions
in the hypothetical phases so that the metal-oxygen dis-
tances are similar to those in the corresponding multi-
component RAMO4 oxides (given in Table I). This will
allow us to compare the band gap value calculated for
each RAMO4 compound with the value obtained via av-
eraging over the band gaps in the corresponding single-
cation oxides with the same local atomic coordination
and bond-lengths. For ZnO, MgO, CdO, and MgO, i.e.,
for M2+O2− compounds, we performed calculations for
wurtzite-based structures where the second nearest apical
oxygen atom is located close enough to the metal ion to
make it a five-fold coordination, Table III. Similarly, for
Al2O3 and Ga2O3, we used Al2S3-type structure, space
group P61, and modified the lattice parameters and the
internal atomic positions to obtain A-O distances simi-
lar to those in the corresponding RAlMO4 or RGaMO4
compounds, Table IV. Note, that the In and Sc are octa-
hedrally coordinated with oxygen atoms both in the basis
oxides and in RAMO4. The In-O or Sc-O distances in the
multicomponent oxides are slightly larger than those in
the basis oxides, c.f., Tables I and II.
In the next section, we begin our discussions with the
electronic properties of single-cation oxides and how the
atomic coordination affects their electronic band struc-
ture.
IV. Electronic properties of single-cation oxides
A. Ground state structures
The investigated basis oxides of post-transition and
light main group metals possess qualitatively similar elec-
tronic band structure: the valence band is formed from
non-bonding and bonding 2p states of oxygen, whereas
the highly dispersed conduction band arises from the
metal s states and the anti-bonding O-2p states. Strong
metal-oxygen interaction is responsible for wide band
gaps and small electron effective masses in these ox-
ides, Table V. Note that, as expected, LDA underes-
timates the band gap values as well as the electron effec-
tive masses. The nonlocal density scheme of the sX-LDA
method corrects the LDA failure and gives an excellent
agreement between the calculated, Table V, and experi-
mental band gaps for both the semiconductor-like materi-
als with band gap of ∼2.3-3.4 eV (CdO, In2O3, ZnO) and
the insulators with band gaps of ∼6-9 eV (CaO, MgO,
Al2O3, Sc2O3).
The sX-LDA calculated electronic band structures and
partial density of states of all single-cation oxides studied
in this work have been published earlier [16, 17] except for
Sc2O3. The bottom of the conduction band in scandium
oxide is governed by the localized Sc d-states, Fig. 4,
and, as a result of the low dispersion of the conduction
band, the electron effective mass in Sc2O3 is the largest
among the oxides and is greater than the mass of the free
6TABLE V: The averaged electron effective mass in me, for single-cation oxides within both LDA and sX-LDA are given for
the basis oxides in the ground state phase, 〈mg〉 , and in the hypothetical phase, 〈mh〉. The effective mass anisotropy δ, which
is defined as δ = (m[100] + m[010])/2m[001]. Also, the band gap values (in eV) obtained within both LDA and sX-LDA are
given for the basis oxides in the ground state phase, Egg, and in the hypothetical phase, E
h
g , with the bond lengths and oxygen
coordination resembling those in the corresponding RAMO4 compounds. The fundamental band gaps as well as optical, i.e.,
direct, band gaps (in parenthesis) are given.
LDA sX-LDA
〈mg〉 δ Egg E
h
g 〈m
g〉 Egg 〈m
h〉 Ehg
R2O3 In2O3 0.18 1.00 1.16 0.85 0.28 2.90(3.38) 0.28 2.61(3.07)
Sc2O3 1.12 1.00 3.66 3.61 1.19 6.06 1.19 5.98
A2O3 Al2O3 0.39 1.00 6.27 3.86 0.45 9.08 0.52 6.80
Ga2O3 0.26 1.17 2.32 2.42 0.34 4.86(4.91) 0.43 4.82
MO ZnO 0.17 1.09 0.81 1.14 0.35 3.41 0.36 3.63
MgO 0.38 1.00 4.76 3.44 0.46 7.55 0.52 6.50
CaO 0.37 1.00 3.45(4.42) 3.52 0.42 5.95(7.15) 0.53 6.51
CdO 0.15 1.00 -0.51(0.92) 0.00 0.23 0.50(2.29) 0.31 1.01
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FIG. 4: Band structure and partial DOS of Sc2O3. The thin,
dashed, and thick lines in the partial DOS plots represent the
metal d, oxygen p, and metal s states, respectively.
electron, Table V.
Recent comparative investigations of main group metal
oxides [16, 17] have revealed that the fundamental dif-
ferences in the electronic properties of the conventional
TCO hosts (In2O3, ZnO and CdO) and the light metal
oxides (Al2O3, CaO and MgO) originate from the differ-
ent energy location of the cation’s empty p or d states
with respect to the conduction band bottom. In the for-
mer oxides, the cation p band is well above its s band
which is a prerogative for a good charge transport via
a uniform network formed by the spherically symmetric
metal s orbitals and the neighboring oxygen p orbitals in
degenerately doped materials. In striking contrast to the
post-transition metal oxides, the light metal p or d band
almost coincides (as in Al2O3 or MgO) or is even below
its s band (as in CaO or Sc2O3) in the classical insula-
tors. The proximity of the p or d states to the bottom
of the conduction band and the resulting strong direc-
tional interaction of these anisotropic orbitals with the p
orbitals of the neighboring oxygen atoms have three con-
sequences: (1) wide band gaps of 6-9 eV; (2) the electron
effective masses which are at least twice larger than those
in the conventional TCO hosts, Table V; and (3) charge
localization (widely known as an F-center or colour cen-
ter) of extra electrons near an electron-donor defect. The
deep defect states are unable to produce electrical con-
ductivity in these oxides.
We note here that Ga2O3 does not belong to either of
the two groups of oxides but rather represents an interme-
diate case, c.f., Table V, illustrating that, naturally, the
transition between the oxide groups is not abrupt. The
Ga p band is located relatively close to the metal s band
but does not coincide with it as, for example, in Al2O3
or MgO. This leads to a considerable but not dominant
contributions from the Ga p states near the bottom of
the conduction band. Consequently, in oxygen deficient
Ga2O3, extra electrons induced by the oxygen vacancy
are not fully localized near the defect as in light metal
oxides, yet, the electron group velocity is nearly an or-
der of magnitude smaller than that in TCOs, e.g., In2O3
[17]. This explains why Ga2O3 is not a viable TCO it-
self, nonetheless, Ga-containing multicomponent TCOs
are common.
In section V.B, we will come back to the discussion of
the proximity of the cation’s p or d states to the conduc-
tion band in multicomponent oxides.
B. Hypothetical phases with five-fold coordination
As mentioned above, the main features in the elec-
tronic band structure of oxides are determined by the
nature and degree of the metal-oxygen interaction. Here
7we discuss how the electronic properties, in particular,
the band gap values of single-cation oxides vary when
the metal-oxygen distances and oxygen coordination are
changed to resemble those in the RAMO4 multicompo-
nent oxides.
First, we note that In and Sc are octahedrally coor-
dinated with oxygen atoms both in the basis oxides and
in RAMO4. The In-O or Sc-O distances in the basis
oxides are slightly smaller than those in the multicom-
ponent oxides, c.f., Tables I and II. To reproduce the
R-O distances found in the multicomponent oxides, we
increased the lattice parameter a from 10.12 to 10.26 A˚
and from 9.81 to 9.90 A˚ for cubic In2O3 and Sc2O3, re-
spectively. As expected from a smaller nearest neighbor
orbital overlap associated with longer metal-oxygen dis-
tances, we obtained smaller band gaps for indium and
scandium oxides, cf., Table V.
For A2O3 and MO oxides, we considered hypothetical
structures with five-fold coordination and metal-oxygen
distances that resemble those obtained in multicompo-
nent oxides (see section III for details). The band gap
values calculated within sX-LDA methods for the hy-
pothetical structures are given in Table V. For Al2O3
and MgO with five-coordinated Al and Mg cations, the
gap becomes smaller by 2.2 eV and 1.0 eV, respectively,
as compared to the ground state phases (corundum and
rocksalt, respectively) with six-fold coordination. In the
hypothetical CaO and CdO with five-fold coordinated
Ca and Cd, the band gap becomes direct and its value
decreases by 0.6 eV and 1.3 eV, respectively, as com-
pared to the optical, direct band gap of rocksalt CaO and
CdO with octahedral coordination of cations, Tabel V.
(Note, the case of Cd represents the largest coordination-
induced change in the band gap, namely, 56%). Accord-
ingly, the band gap in hypothetical ZnO with five-fold
coordinated Zn slightly increases (by ∼0.2 eV) with re-
spect to four-coordinated Zn in wurtzite ZnO. Finally,
there is a negligible change in the band gap of β-Ga2O3
which has four-fold and six-fold coordinated Ga atoms
in the ground state monoclinic phase as opposed to the
five-fold coordination of Ga in the hypothetical Al2S3-
type structure.
Thus, we find that lower coordination number leads to
a smaller band gap. We must stress here that this con-
clusion should not be generalized to other coordinations.
For example, we do not expect the band gap to increase
further for structures with 8-fold coordination (e.g., as in
CsCl-type structure) with respect to the six-fold coordi-
nation. We believe that octahedral coordination provides
a largest band gap because it corresponds to the largest
overlap between the metal orbitals and the px, py, and
pz orbitals of the neighboring oxygen atoms[16]. There-
fore, with respect to the six-coordinated case, higher- and
lower-coordinated structures are expected to produce a
smaller band gap. Variations in the metal-oxygen dis-
tances (c.f., ranges in Table II) may further affect the
orbital overlap and, hence, the band gap values, but per-
haps to a lesser extent compared to the changes caused
by the different atomic coordination.
In the next section we will demonstrate that the band
gap values of multicomponent RAMO4 compounds can
be reproduced via averaging over those obtained for the
single-cation oxides in the hypothetical structures, i.e.,
with the corresponding atomic coordination and inter-
atomic distances.
V. Electronic properties of multicomponent oxides
A. Role of atomic coordination in band gap formation
The electronic band structure of 12 multicomponent
oxides, RAMO4, is similar to that of the single-cation
oxides: the valence band is formed from the oxygen 2p
states, whereas the conduction band arises from the anti-
bonding oxygen 2p states and the metal s, p or d states.
In the valence band, both types of the oxygen atoms,
O(1) and O(2), give comparable contributions, Fig. 5.
However, at the very top of the valence band, the contri-
butions from O(2), i.e., the oxygen that belongs to the
AMO2.5 double layer, are at least two times larger except
for ScAlMgO4 and ScGaMgO4 where the oxygen contri-
butions are similar. The average width of the valence
band is about 6.4 eV for all compounds with the largest
value of 7.5 eV obtained for ScGaZnO4.
Metal-oxygen interactions result in a band gap be-
tween the valence and the conduction bands which varies
significantly with composition. From the LDA calcula-
tions, the smallest gap of 0.64 eV is found for InGaCdO4,
and the largest, 4.35 eV, for ScAlMgO4, Table VI. We
also employ sX-LDA method to accurately calculate the
band gap of the multicomponent oxides, and obtained
the range of 2.45 eV to 6.29 eV, respectively. We note
that independent of the composition of the complex ox-
ides, the sX-LDA band gap values are larger by about 2
eV (more precisely, by 1.7–2.5 eV) than the LDA values
for all compounds investigated.
The band gaps of multicomponent oxides seem to fol-
low the general trend expected from the band gap values
of the basis oxide constituents, i.e., the incorporation of
ligher metals results in a band gap increase. However, the
increase is not the same in otherwise similar compounds:
for example, when Ga is replaced by Al in InAMO4 com-
pounds, the gap does not increase by the same amount
for the four compounds, i.e., those with M=Zn, Ca, Mg,
or Cd. Rather, the increase is about 0.2 eV, 0.8 eV, 0.3
eV, or 0.4 eV, respectively, Table VI, as obtained within
sX-LDA calculations. A thorough analysis of the ob-
tained trends in the band gap values and a comparison
with those in the corresponding basis oxides allow us to
make the following important conclusions:
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FIG. 5: Partial density of states in multicomponent RAMO4 compounds as obtained from LDA calculations.
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FIG. 6: Electronic band structure of twelve multicomponent RAMO4 compounds as obtained from LDA calculations.
(i) The band gap in a multicomponent oxide is not gov-
erned by the smallest-gap basis oxide constituent. For
example, for two Cd-containing complex oxides, the sX-
LDA band gaps are 2.5 eV and 2.9 eV which are larger
than the CdO band gap, Table V. For InAMO4 com-
pounds excluding those with Cd, the band gap values
vary from 3.3 eV to 4.9 eV, Table VI – despite the fact
that In2O3 has the band gap of 2.90 eV (from sX-LDA),
Table V.
(ii) The band gap in the multicomponent oxides is af-
fected by the presence of all oxide constituents disregard-
ing the differences in the band gaps of the basis oxides.
In other words, not only the post-transition metal oxides
(smaller-gap constituents) but also the light metal ox-
ides (large-gap constituents) contribute to the formation
of the band gap (for example, compare the band gaps of
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TABLE VI: LDA and sX-LDA calculated band gaps Eg (in eV) in RAMO4 compounds and the band gap averages obtained
using the band gaps of the corresponding single-cation oxides in the ground state, 〈Egg〉, or the hypothetical phases, 〈E
h
g 〉, cf.,
Table V, with equal weights. In addition, weighted averages, 〈Egg〉
w and 〈Ehg 〉
w, calculated based on the respective contributions
of the cations to the bottom of the conduction band, Fig. 7, are given.
LDA sX-LDA
RAMO4 Eg 〈E
g
g〉 〈E
g
g〉
w 〈Ehg 〉 〈E
h
g 〉
w Eg 〈E
g
g〉 〈E
g
g〉
w 〈Ehg 〉 〈E
h
g 〉
w
InAlZnO4 1.51 2.75 2.41 1.95 1.73 3.48 5.13 4.68 4.35 4.01
InAlCaO4 2.37 3.63 3.02 2.74 2.21 4.87 5.98 5.21 5.31 4.54
InAlMgO4 2.45 4.06 3.20 2.72 2.15 4.62 6.51 5.43 5.30 4.47
InAlCdO4 1.18 2.31 1.88 1.57 1.32 2.87 4.16 3.62 3.47 3.11
InGaZnO4 1.18 1.43 1.41 1.47 1.43 3.29 3.72 3.67 3.69 3.62
InGaCaO4 1.93 2.31 2.10 2.26 2.02 4.08 4.57 4.28 4.65 4.29
InGaMgO4 2.08 2.75 2.54 2.24 2.07 4.31 5.10 4.83 4.64 4.40
InGaCdO4 0.64 0.99 0.85 1.09 0.99 2.45 2.75 2.54 2.81 2.65
ScGaZnO4 2.44 2.26 1.93 2.39 2.10 4.45 4.78 4.47 4.81 4.53
ScAlZnO4 3.16 3.58 3.00 2.87 2.49 5.52 6.18 5.61 5.47 5.08
ScGaMgO4 3.26 3.58 3.55 3.16 3.09 5.76 6.16 6.15 5.77 5.73
ScAlMgO4 4.35 4.90 4.12 3.64 3.64 6.29 7.56 6.60 6.43 6.13
InGaMO4 with M=Cd, Zn, Ca or Mg, or other sets of
compounds). This arises from the close interaction be-
tween the alternating cations via shared oxygen atoms
in mixed A and M or neighbor R-layers, and points to
a hybrid nature of the conduction band, as discussed in
the next section.
(iii) An equal-weight average, 〈Egg〉, over the band gaps
of the basis oxides in their ground state phases (c.f.,
Table V) correlates with the calculated band gaps for
corresponding multicomponent oxides but gives signifi-
cantly overestimated values in most cases (one excep-
tion is ScGaZnO4 where the LDA calculated band gap is
greater than the one obtained via averaging), Table VI.
(iv) An equal-weight average, 〈Ehg 〉, over the band gaps
of the basis oxides in the hypothetical phases (c.f., Ta-
ble V) provides a better guess but still overestimates the
value of the band gap in multicomponent oxides, Table
VI.
(v) Weighted average over the band gaps of the basis
oxides (in either the ground state phase or the hypothet-
ical phase) with weights taken as the percent contribu-
tions from the cations states to the lowest conduction
band wave-function at the Γ point yields underestimated
band gap values with respect to those calculated for mul-
ticomponent oxides (these values are not given in the Ta-
ble VI). For the RAMO4 compounds with two or more
light metal oxide constituents, the underestimation is sig-
nificant, of ∼30%. This suggests that the states located
above the conduction band minimum (such as the states
of the light metals) play an important role and must be
taken into account.
(vi) Weighted average, 〈Ehg 〉
w, over the band gaps of
the basis oxides in the hypothetical phase with weights
taken as the relative cation contributions to the conduc-
tion band within an energy range, Fig. 7, provides a
closest match to the calculated band gap values in mul-
ticomponent oxides, Table VI. The energy range at the
bottom of the conduction band which is used to deter-
mine the cations contributions, represents the Fermi en-
ergy displacement, or the so-called Burstein-Moss (BM)
shift, which corresponds to an extra electron concentra-
tion of 1×1021 cm−3 in each compound. Due to the high
energy dispersion of the conduction band in InAMO4
compounds, Fig. 6, the BM shift is large, of 1.0-1.5 eV.
In ScAMO4, the presence of the Sc d-states near the bot-
tom of the conduction band result in a high density of
states, and hence, the BM shift is significantly smaller,
e.g., 0.05 eV for ScAlMgO4 and ∼0.7 eV for ScAlZnO4
and ScGaMgO4.
Thus, the local atomic structure in multicomponent
oxides which differs from that of the basis oxides in the
ground state (see sections III and IV), plays an impor-
tant role in determining the resulting electronic proper-
ties and must be taken into account for accurate predic-
tions. We note here that an improved agreement between
the calculated and the averaged band gaps is expected
when the metal-oxygen distances in the hypothetical ox-
ide phases closely correspond to the distances in particu-
lar multicomponent oxide, Table I. In our calculations for
the hypothetical single-cation phases we used the metal-
oxygen distances averaged over all RAMO4 for each par-
ticular metal, 〈D〉 in Table II, while the actual distances
in each RAMO4 may differ essentially, c.f., deviations of
the ranges in Table II. For example, the 15 % overesti-
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mation of the band gap average in InAlZnO4 is due to the
fact that the Al-O and Zn-O distances in this compound,
〈DabZn−O〉=2.05 A˚, 〈D
c
Zn−O〉=2.00 A˚, 〈D
ab
Al−O〉=1.84 A˚
and 〈DcAl−O〉=1.84 A˚, Table I, are larger than those
in the hypothetical ZnO phase, 〈DabAl−O〉=2.00 A˚ and
〈DcZn−O〉=1.98 A˚, Table III, and the hypothetical P61
phase of Al2O3, 〈D
ab
Al−O〉=1.825 A˚ and 〈D
c
Al−O〉=1.81
A˚, Table IV. Increased distances in the hypothetical
oxide phases will result in smaller band gaps for these
compounds, bringing the average band gap closer to the
calculated one in InAlZnO4. Conversely, the 7% under-
estimation of the band gap average in InAlCaO4 is due
to the smaller Al-O distances in the multicomponent ox-
ide (〈DabAl−O〉=1.77 A˚ and 〈D
c
Al−O〉=1.78 A˚, Table I) as
compared to those in the hypothetical Al2O3, Table IV.
B. Nature of the conduction band in RAMO4
The nature of the conduction band in a complex TCO
host is of primary interest since the charge transport in
degenerately doped material will occur through the states
which form the conduction band. One of the reasons
that the oxides of homologues series (In,Ga)2O3(ZnO)m,
m=integer, have attracted wide attention was a common
assumption that the conduction band in these complex
oxides is formed from the In s-states. Based on this as-
sumption it was suggested that these layered materials
offer a possibility to spatially separate carrier donors lo-
cated within non-conducting layers and the conducting
layers which transfer the carriers effectively, i.e., without
charge scattering on the impurities, that would lead to
an increased conductivity[12].
From the density of states (DOS) plots, Fig. 5, it may
appear that the In states solely govern the conduction
band in all InAMO4 compounds. However, analysis of
the DOS plots alone may provide a misleading picture
of the nature of the conduction bands for three reasons.
First, due to the high energy dispersion at the bottom of
the conduction band in the oxides under consideration,
the corresponding density of states is small. This tail in
the DOS should not be neglected. Second, one should
compare the relative contributions from different atoms
within a rather narrow energy range at the bottom of
the conduction band which corresponds to a Fermi level
displacement associated with introduction of a particular
electron concentration upon degenerate doping of the ma-
terial. Usually, the extra electron concentrations are of
the order of 1019−1021 cm−3. Third, the partial DOS is
commonly calculated within thse muffin-tin spheres and,
therefore, the interstitial region which may give a signifi-
cant contribution owing to the spatial distribution of the
metal s-orbitals, is not taken into account.
To obtain a more reliable description of the conduc-
tion states in multicomponent oxides, we calculated the
charge density distribution within an energy range at the
bottom of the conduction band. For each RAMO4 com-
pound, the energy range was chosen to correspond to an
extra electron concentration of 1.0-1.3×1021 cm−3. The
resulting Fermi energy displacement depends on the den-
sity of states at the bottom of the conduction band: a
small density of states (i.e., high energy dispersion of
the conduction band bottom) leads to a pronounced EF
shift, while the Fermi level rises slow with electron con-
centration in the case of a large density of states. Specif-
ically, we find that in InAMO4 compounds, Fig. 6, the
EF shift is large: it is 1.5 eV for InAlCdO4, 0.9-1.0 eV
for InACaO4, and 1.1-1.3 eV for all other InAMO4 com-
pounds. In ScAMO4, the presence of the Sc d-states near
the bottom of the conduction band result in a high den-
sity of states, and hence, the EF shift is significantly
smaller, namely, 0.05 eV for ScAlMgO4, ∼0.7 eV for
ScAlZnO4 and ScGaMgO4, and 0.9 for ScGaZnO4.
The charge density distributions calculated within the
specified energy ranges are obtained for the full con-
ventional unit cell of RAMO4 to include both layers,
RO1.5 and AMO2.5, and the interstitial region between
the layers. We summed up the charge within each [0001]
plane, Fig. 7, in order to compare the contributions from
the two structurally and chemically different layers. We
found that:
(1) Different layer contributions to the conduction
band are nearly identical in InGaZnO4, InGaCdO4, and
InAlCdO4. Hence, both layers, InO1.5 and AMO2.5, are
expected to participate in the charge transport once de-
generate doping is achieved.
(2) In InAlZnO4, InGaMgO4, and InGaCaO4, contri-
butions from the In-O layer are larger, yet comparable
to those from the A-M-O layers. Together with the com-
pounds in the above case (1), these oxides possess two
post-transition metals (In, Zn, Cd and/or Ga) and one
light metal cation (Al, Mg or Ca). These results suggest
that the AMO2.5 layers where post-transition and light
metals are mixed, will serve as conducting path for extra
electrons in degenerately doped materials.
(3) If the AMO2.5 layer consists of two light metal
cations, as in InAlMgO4 or InAlCaO4, its contribution to
the charge density is low, yet it is not zero as, for example,
in ScAlMgO4, Fig. 7(c). Similarly, the Sc-O layer contri-
butions are negligible if the AMO2.5 layer contains one or
two post-transition metals, as in ScGaZnO4, ScGaMgO4,
or ScAlZnO4.
(4) In ScAlMgO4, the Al-Mg-O layers have zero con-
tributions, while the charge is localized within the Sc-
O layer. Hence, if extra electrons are introduced, the
AMO2.5 layers would be non-conducting.
Thus, despite well-defined crystal lattice anisotropy
and presence of a light metal cation in the AMO2.5 layer,
several RAMO4 compounds are capable of giving rise to
a nearly isotropic conductivity (i.e., within and across
the structural layers) when properly doped. The role of
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FIG. 7: (Color online) Total charge densities calculated within one unit cell and at the bottom of the conduction band for the
energy window that represents ∼1x1021 cm−3 extra electrons in each RAMO4.
light metal cations in carrier generation in these multi-
component oxides, i.e., the effect of these cations on the
formation of native electron-donor and electron-“killer”
defects, should be investigated further.
C. Role of atomic coordination on the conduction states in
RAMO4
As mentioned in the introduction, the proximity of the
cations empty p- or d-states to the bottom of the conduc-
tion band may help predict the degree of electron local-
ization in the oxides upon doping. Specifically, it was
found [16] that in oxides of light metals, such as Ga2O3,
CaO, Al2O3, or MgO, the Ga, Mg or Al p-states or Ca
d-states are energetically compatible with the s-states of
cations in the conduction band. Upon electron doping,
extra charge becomes trapped on the anisotropic p or d-
orbitals which form strong covalent metal-oxygen bonds
around defect, leading to the charge confinement (known
as a color or F center). Now, we want to determine the
energy location of the detrimental p- or d-states of cations
in the conduction band of multicomponent oxides. Our
goal is to understand how the p- or d-states location with
respect to the conduction band bottom is affected by the
local atomic coordination, i.e., the five-fold coordination
in RAMO4 vs the four- or six-fold coordinations in the
ground state structures of basis oxides.
First, we find that the local structural variations signif-
icantly affect the conduction bands of oxides – in addition
to the band gap value discussed in the section V.A above.
Specifically, in rocksalt CaO with six-fold atomic coor-
dination, the charge-trapping d-states of Ca govern the
bottom of the conduction band being about 1.2 eV be-
low the Ca s states, Fig. 8(a). In marked contrast to the
ground-state CaO, we find that in hypothetical wurtzite
CaO with five-fold coordinated Ca, the Ca d-states are
pushed into the conduction band and are above the s-
states, resulting in a direct band gap, Fig. 8(b). This
occurs since the octahedral symmetry favors strong di-
rectional interaction between the d states of Ca and the
p states of oxygen neighbors, whereas the s-p interaction
is prefered when the symmetry is broken, as in five-fold
coordinated Ca. Therefore, low-symmetry coordination
helps diminish the detrimental effect of the anisotropic
d-states on the oxide transport properties by promoting
the s-character of the bottom of the conduction band.
Further, from the calculated density of states for
InAlCaO4 or InGaCaO4, Fig. 5, we find that the Ca d-
states are well above the bottom of the conduction band
formed from the s-states of the constituent cations. Sim-
ilarly, the empty p band of Al, Mg or Ga in RAMO4
are located at a higher energy, i.e., deep inside the con-
duction band. We conclude that not only the unusual
five-fold coordination of the A and M cations but also
the hybridization between the spatially extended s states
of the cations (via shared oxygen atoms) are the reasons
for a deeper cation’s p and d bands in RAMO4. Because
of the interaction of cations (e.g., in the mixed AMO2.5
layers) and due to the difference in the band gaps of the
constituent oxides, namely, 2.3-3.4 eV in CdO, In2O3, or
ZnO, and 7-9 eV in CaO, MgO, or Al2O3, the bottom
of the hybrid s-like conduction band of complex oxides
is driven away from the Ga, Al, and Mg p states or Ca
d states. The fact that the Ga, Al, Mg, or Ca atoms
do contribute their states (which are the s-states) to the
conduction band bottom is clearly illustrated by the cal-
culated charge densities within different layers, Fig. 7.
Hence, those atoms are expected to participate in change
transport upon degenerate doping.
Here we stress the importance of the five-fold coordina-
tion in the formation of the hybrid s-like conduction band
in all considered RAMO4 except those containing Sc. Be-
cause the Sc coordination is the same in ScAMO4 and
Sc2O3, i.e., octahedral, the Sc d-states remain below its
s-states in all the oxides. As a result, the interaction be-
tween the Sc and other cations in a Sc-containing multi-
component oxide is very weak, and the bottom of the con-
duction band is formed by the states of the basis oxides
with smaller band gap, i.e., Sc d-states in ScAlMgO4 or
the s-states of A and M atoms in ScGaZnO4, ScGaMgO4,
or ScAlZnO4. This leads to a clear separation of the par-
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FIG. 8: Electronic band structure of (a) rocksalt CaO, and
(b) hypothetical wurtzite CaO with the interatomic distances
matching those in RACaO4. Only the bottom of the conduc-
tion band is shown. The calculations are performed within
sX-LDA.
ticular layers (Sc-O layers in the former case and AMO2.5
layers in the latter cases) into potentially conducting and
non-conducting, Fig. 7.
D. Electron effective mass in RAMO4
The electron effective masses calculated along the
[100], [010], and [001] crystallographic directions in the
multicomponent oxides RAMO4 are given in Table VII.
LDA underestimates the effective mass values which are
in the range of 0.2-0.5 me, and the sX-LDA gives larger
values – as expected from larger band gaps, Table VI.
Within the sX-LDA, the smallest electron effective mass,
0.33 me, is found in InGaCdO4, and the largest, 0.78
me, are in ScAlMgO4. The trend in the effective mass
values of RAMO4 compounds follows the one in the cal-
culated band gaps, c.f., Table VI. Significantly, we find
that both LDA and sX-LDA yield isotropic electron ef-
fective masses, i.e., the m values along and across the
structural layers are nearly identical in every RAMO4
compound except for ScAlMgO4. This is in agreement
with the hybrid nature of the conduction band and the
similar contributions from the R-O and A-M-O layers
to the electron density, as discussed in sections V.B and
V.C.
In section V.A, we demonstrated that the band gap
in RAMO4 compounds can be predicted via averag-
ing over the values obtained for the single-cation oxide
constituents with corresponding local atomic structure.
Here, we perform similar analysis for the electron effec-
tive masses. The results are given in Table VII, where
the LDA and sX-LDA values calculated for RAMO4 com-
pounds are given along with those obtained via averaging
over the masses of the bases sinlge-cation oxides. The ab
and z components of the average effective-mass tensors
are found according to [30]. We find that:
1) Equal-weight or weighted averaging over the elec-
tron effective masses of the single-cation oxides in their
ground state structures, c.f., mg and (mg)w , underesti-
mates the calculated mass values.
2) Averaging over the effective mass values of single-
cation oxides in hypothetical phases with five-fold coordi-
nation gives better agreement with the calculated values.
This may appear to be counterintuitive: since the band
gap in hypothetical oxides is smaller compared to that
calculated for the oxides in the ground state phases, Ta-
ble V, one may expect a smaller electron effective mass,
and hence, a worse agreement between the calculated and
predicted masses than in the case (1) above. However,
according to the k·p theory, the electron effective mass
depends not only on the band gap value, but also on the
orbital overlap of the neighboring atoms:
me
m
(c)
ii
= 1 +
2
me
∑
v 6=c
|〈u(c)|pˆi|u
(v)〉|2
E(c) − E(v)
, (1)
where pˆ is the momentum operator, |u(l)〉 is the Bloch
wave function of the l’s band at the Γ point (wave vector
k=0) and E(l) is its energy. Band labels v and c repre-
sent the valence and conduction bands, respectively. The
smallest denominator corresponds to E(c) − E(v) ≈ Eg,
and thus, the smaller the band gap, the smaller the
electron effective mass. The numerator represents the
overlap between the orbitals in the valence band (oxy-
gen p states) and in the conduction band (metal states).
Because the overlap is greater in the higher-symmetry
phases (with octahedral coordination for CaO, CdO,
MgO, tetrahedral for ZnO, etc), the effective mass is
smaller in the ground state phases as compared to the
hypothetical structures.
3) With the exception for Sc-containing compounds,
the equal-weight average provides a better match be-
tween the predicted and calculated mass values than the
weighted average. For the latter, the respective weights
are obtained based on the contributions to the charge
density in an energy range at the bottom of the con-
duction band (see section V.B and Fig. 7). The energy
range corresponds to a Fermi level shift of 0.7 eV - 1.5 eV
(see section V.B.) However, it appears to be insufficient,
and the states which are located deep in the conduction
band – such as the states of lighter metals – play an im-
portant role in determining the electron effective mass
of multicomponent oxides. Therefore, the corresponding
light metal oxide constituents should be given a greater
weight.
The above results suggest that the electron effective
mass in multicomponent oxides is highly sensitive to the
presence of all oxide constituents independent of their
band gap value, i.e., both the semiconductor-like post-
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TABLE VII: Electron effective masses m, in me, calculated within LDA and sX-LDA along the specified crystallographic
directions in RAMO4 compounds. The components of the electron effective-mass tensor, ma,b, mz, and weighted m
w
a,b, m
w
z ,
calculated for both the ground state and hypothetical phases using the effective masses of the corresponding single-cation oxides
from Table V.
LDA sX-LDA
Calculated Calculated Predicted
RAMO4 m[100] m[010] m[001] m[100] m[010] m[001] m
g
ab m
g
z (m
g
ab)
w (mgz)
w mhab m
h
z (m
h
ab)
w (mhz )
w
InAlZnO4 0.25 0.25 0.26 0.39 0.38 0.38 0.35 0.36 0.34 0.34 0.37 0.39 0.35 0.37
InAlCaO4 0.35 0.36 0.34 0.49 0.50 0.46 0.37 0.38 0.34 0.35 0.41 0.44 0.36 0.40
InAlMgO4 0.31 0.30 0.30 0.46 0.47 0.44 0.38 0.40 0.34 0.36 0.40 0.44 0.36 0.39
InAlCdO4 0.25 0.24 0.25 0.38 0.38 0.38 0.32 0.32 0.32 0.31 0.36 0.37 0.35 0.36
InGaZnO4 0.21 0.20 0.21 0.34 0.34 0.34 0.32 0.32 0.32 0.32 0.35 0.36 0.34 0.35
InGaCaO4 0.30 0.30 0.30 0.43 0.44 0.42 0.34 0.35 0.33 0.33 0.39 0.41 0.37 0.39
InGaMgO4 0.26 0.26 0.27 0.41 0.41 0.40 0.35 0.36 0.34 0.35 0.39 0.41 0.37 0.39
InGaCdO4 0.18 0.17 0.19 0.33 0.34 0.33 0.28 0.28 0.28 0.28 0.33 0.34 0.34 0.34
ScGaZnO4 0.32 0.33 0.33 0.44 0.45 0.43 0.45 0.63 0.39 0.49 0.51 0.66 0.45 0.53
ScAlZnO4 0.37 0.42 0.40 0.48 0.51 0.48 0.51 0.66 0.48 0.59 0.56 0.69 0.52 0.61
ScGaMgO4 0.39 0.40 0.39 0.53 0.54 0.52 0.51 0.66 0.48 0.59 0.59 0.71 0.56 0.65
ScAlMgO4 0.45 0.47 0.46 0.78 0.69 0.64 0.57 0.70 0.90 1.04 0.64 0.74 0.95 1.06
transition metal oxides and the insulator light-metal ox-
ides play an equal role in the formation of the conduction
band curvature. The local structural peculiarities, i.e.,
the five-fold coordination of A and M atoms, are of less
significance here because of the opposite effect of a re-
duced orbital overlap and a smaller band gap associated
with low symmetry of oxygen polyhedra on the resulting
electron effective mass of multicomponent oxides.
VI. Conclusions
In conclusion, the structural and compositional com-
plexity of the considered multicomponent oxides with lay-
ered structure RAMO4 allowed us to address two funda-
mental questions: (1) how the local atomic coordination
affects their electronic properties such as the band gap,
the electron effective mass and the nature of the conduc-
tion band; and (2) how the optical properties and the
electron conduction paths of layered multicomponent ox-
ide hosts vary with the chemical composition.
Most significantly, we demonstrate that the unusual
five-fold coordination of the A3+ and M2+ metal atoms
stabilized in RAMO4 compounds, results in the electronic
band structure of the complex oxides that differs from
the one expected based on the electronic properties of
the single-cation oxide constituents in their lowest-energy
(ground state) phases. In particular, we find:
– The band gap in oxides shows strong dependence
on the atomic coordination. High-symmetry octahedral
(six-fold) coordination provides the largest overlap be-
tween the metal and oxygen orbitals giving rise to a
large band gap. Other coordinations result in a smaller
orbital overlap and, hence, the optical band gap is re-
duced. In multicomponent oxides, the band gap is deter-
mined not only by the oxide constituent with the smallest
band gap but by all constituent oxides, although those
of lighter metals (Al, Ca, Mg) have smaller contribution
to the band gap average compared to the oxides of post-
transition metals (In, Cd, Zn). The respective weights of
the oxide constituents to the band gap average correlate
with the calculated percent atomic contributions to the
charge density in the conduction band.
– The electron effective mass in oxides does not fol-
low the trend expected from the variation in the band
gap: we find that the structures with five-coordinated
metals exhibit smaller band gaps but larger electron ef-
fective masses as compared to their six-coordinated coun-
terparts. This finding is explained based on the k·p the-
ory. In multicomponent oxides, all oxide constituents
give equal contributions to the electron effective mass
average.
– The unusual five-fold coordination of the A and M
atoms in InAMO4 compounds promotes a hybrid s-like
conduction band making isotropic charge transport pos-
sible in this layered materials. The calculated charge
density distribution shows that the light metal elements,
such as Al, Ca, and Mg, contribute their s-states to the
hybrid conduction band of complex oxides whereas the
contributions from their p or d-states which are known
to cause electron localization in the corresponding single-
cation oxides, are significantly reduced.
Thus, the above results highlight the advantages of in-
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corporating light main group metals in multicomponent
oxides, which is highly attractive for lighter-weight, less-
expensive, and environmentally-friendly devices. Fur-
ther investigations of how the structural peculiarities and
composition affect the formation of native defects in com-
plex oxides are warrant in order to understand their role
in carrier generation and transport in doped and/or non-
stoichiometric oxides.
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